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High contrast imaging and thickness determination of graphene with in-column 

secondary electron microscopy 
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We report a new method for quantitative estimation of graphene layer thicknesses using high 
contrast imaging of graphene films on insulating substrates with a scanning electron microscope. 
By detecting the attenuation of secondary electrons emitted from the substrate with an in-column 
low-energy electron detector, we have achieved very high thickness-dependent contrast that allows 
quantitative estimation of thickness up to several graphene layers. The nanometer scale spatial 
resolution of the electron micrographs also allows a simple structural characterization scheme for 
graphene, which has been applied to identify faults, wrinkles, voids, and patches of multilayer growth 
in large-area chemical vapor deposited graphene. We have discussed the factors, such as differential 
surface charging and electron beam induced current, that affect the contrast of graphene images in 
detail. 



I. INTRODUCTION 



As a two dimensional crystal of carbon atoms, 
graphene has attracted wide attention due to its potential 
applications in the field of ultra-fast electronics, sensing 
and photovoltaics, apart from providing a testing bed of 
the new and exotic physi cal phenomena. It has been ob- 
served that the electrical^, thermaP, mechanicaP and 
optical - properties of graphene films depend strongly on 
the number of graphene layers, because the band struc- 
ture of multilayer graphene systems differs radically from 
monolayer graphene due to the interlayer coupling^. The 
number of layers determines the response of graphene 
to external factors too, such as its coupling to underly- 
ing substrates, disorder and adsorbateg^l Hence with 
advances in new techniques for growing graphene at a 
macroscopic scale, which includes epitaxial growth on 
gjQiol or cnermca l vapor depositi on on transition met- 
als (copper, nickel, tungsten etc.) 11 * 12 1 , there is a grow- 
ing emphasis on a close monitoring of graphene thick- 
ness in a rapid and non-invasive manner with nanome- 
ter scale spatial resolution. In this letter we show that 
scanning electron microscopy (SEM) with an in-column 
secondary electron (SE) detector is an excellent tool for 
high-contrast layer-sensitive imaging of graphene, which 
is simple and overcomes many of the drawbacks of com- 
monly used methods. 

Several techniques have been used to characterize the 
thicknes s of graphene layers. This includes optical mi- 
croscopySES, atomic force microscopy (AFM), Raman 
spectroscopy^"^, contrast spectroscopy^, Rayleigh 
imaging^, low energy electron diffraction, angle-resolved 
ultraviolet photoemission spectroscopy^ and Auger elec- 
tron spectroscopy 2 ^. Optical microscopy is limited to 
identifying graphene layers on ~ 300 nm SiC>2. Ra- 
man spectroscopy is presently the most common tech- 
nique used to distinguish between monolayer and bilayer 
graphene on SiC>2, but not regularly on other substrates 
like SiC, glass, Cu, Ni due to strong electronic cou- 



pling between graphene and the substrate. Moreover, 
the diffraction limit of light imposes a restriction on the 
spatial resolution of Raman spectroscopy of graphene, as 
also in the cases of contrast spectroscopy and Rayleigh 
imaging. AFM is a direct technique to count the num- 
ber of layers in graphene, even in sub-micron samples, 
but the tip-sample interactiorP^nd the topology of the 
substrate need to be carefully considered. 

Recently, attenuation of low-energy electrons in 
graphene has been exploited in Auger electron spec- 
troscopy (AES) to determine the number of graphene 
layers^. The energy relaxation of incident electrons 
on graphene occurs over the inelastic mean free path 
(A s=s 0.45 nm below 100 eV), thereby modulating the 
intensity with varying thickness in the AES electron 
maps. Although it is recognized that such a process 
can yield high contrast images of multilayer graphene in 
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FIG. 1: (a) Schematic of secondary electron detection by 
the in-lens detector placed inside the electron column and 
the Everhart - Thornley detector (ETD) placed outside the 
column at an angle of 55°. (b) The difference in contrast 
between the images taken by the in-lens detector and the 
ETD are shown for a typical multilayer graphene sample at 
two primary electron energies. 



SEM as welp2 a quantitative understanding of attenu- 
ation of low-energy SE by graphene in an SEM is still 
lacking. Experiments using an outer SE detector (often 
an Evcrhart-Thornley detector) generally yield relatively 
poor contrast, making a quantitative analysis less reli- 
able. Instead, an in-column SE detector (in-lcns) in a 
field-emission SEM (FESEM), which generally responds 
to lower electron energies (~ few tens of eV), has been 
known to produce images of very sharp contra st for car- 
bon nanotubes on insulating substrate d 23 * 24 l Since it 
is assumed that the interaction between the SE emit- 
ted from the substrate and the nanotube is negligible, 
the physical mechanism behind this contrast is under de- 
bate, and both voltage contrast due to differential surface 
charging^ and electron beam induced current (EBIC) 
processes^ have been suggested. Here we show that 
low-energy SE imaging using the in-lens detector of a 
FESEM provides a sharp thickness-dependent contrast 
of graphene on insulating substrates over a wide range of 
primary electron energies, E p . We present a quantitative 
analysis of the thickness determination of graphene by 
taking into account the attenuation of SE of the substrate 
by the graphene layers. Due to inherent spatial resolution 
of SEM (typically < 2 nm at E v = 5 kV) , this technique 
can be extremely useful in examining nanostructures of 
graphene, such as graphene nanoribbons, and also in de- 
tecting folds, discontinuities and multi-layer growth in 
large area graphene. 



II. EXPERIMENTAL DETAILS 

We have carried out detailed SEM studies on two types 
of graphene in this work, namely exfoliated and chemical 
vapor deposited (CVD) graphene. Exfoliated graphene 
flakes were prepared by micromechanical exfoliation of 
natural graphite on n ++ doped silicon substrate covered 
with 300 nm thick SiC>2 on top. The CVD-graphene was 
grown by thermal decomposition of methane on copper at 
1000°C. The graphene was transferred onto the substrate 
by coating the copper foil with Poly(methyl methacry- 
late) (PMMA 950K), after which the copper was etched 
off by placing the foil in an etch solution of Ferric Chlo- 
ride. The graphene/PMMA film was then transferred 
on to the substrate which was then rinsed in acetone, to 
dissolve the PMMA leaving graphene on the substrate. 
The graphene films were characterized by Raman spec- 
troscopy and AFM to identify the number of layers in 
various regions. The SEM images of the graphene films 
were obtained using an in-lens detector placed inside the 
electron column of a Carl Zeiss SIGMA FESEM, and 
also an Everhart-Thornley detector (SE2) placed outside 
the column at an angle of 55° from the column axis. The 
arrangement is schematically shown in Fig. la. When 
the primary electron beam is incident on the sample, 
low-energy SE and high-energy backscattered electrons 
(BSE) are produced from the substrate in the vicinity of 
the beam exposed region. The SE and BSE are attracted 



by the positively biased beam booster of the electron col- 
umn and are projected towards the in-lens detector. The 
BSE are generated from deep within the substrate and 
pass through the central aperture of the in-lens detec- 
tor without being collected. The in-lens detector collects 
low-energy SE efficiently while the SE2 collects high en- 
ergy SE that are not collected by the in-lens detector. 
For preliminary comparison, in Fig. lb we show a typ- 
ical multilayer exfoliated graphene flake containing 2 — 
6 layers (see optical image in Fig. 2a) on SiC>2 substrate 
for two values of E p = 0.5 kV and 1 kV. In both cases 
the in-lens image has better contrast, giving graphene 
greater visibility on SiC>2 substrate, than the SE2 im- 
age. This indicates that graphene interacts mainly with 
low-energy SE, and becomes progressively transparent to 
high-energy SE which are collected at SE2. 

Given this observation, graphene films were subse- 
quently imaged with the in-lens detector at varying E p 
ranging from 0.5 - 10 kV at a working distance of 5 
mm. The beam current used for the imaging was kept 
low, in the range of 9 - 16 pA in this voltage regime, 
in order to reduce the electron beam induced damage 
to graphene^ttSlI Strikingly, we find the image contrast 
to vary strongly with changing E p as seen from Fig. 2a, 
and regions having different thicknesses can be identi- 
fied from discrete shifts in intensity. The thickness of 
graphene layers in various regions of the film has been 
labeled in the optical micrograph. Note that the overall 
contrast as well as that of individual layers is best around 
E p ~ 3 kV, which is similar to that obser ved i n case of 
carbon nanotubes on Si02 (around 1 kV) 23 * 24 l, thereby 
indicating that this is due to the nature of the substrate. 
This optimum value of E p sa 3 kV for graphene imaging 
is an important result. 



III. RESULTS AND DISCUSSION 

A. Voltage contrast imaging of graphene layers 

This contrast mechanism can be understood by consid- 
ering the low (< 1 kV), the intermediate (lkV < E p < 
3kV) and high (> 5 kV) regimes of E p separately. When 
E p ~ 1 kV, the number of SE emitted from Si02 sur- 
face becomes more than the number of incident elec- 
trons which leads to a depletion of electrons from the 
Si02 surface. Consequently, the Si02 surface becomes 
positively charged which results in a flow of EBIC from 
graphene to Si02 surface replenishing that region with 
electrons and increasing the SE emission from the Si02 
region beneath graphene. This results in negative con- 
trast for E p < 1 kV. Further we observed that increasing 
the beam current while reducing the scan time (or equiv- 
alently increasing the scan rate) increases the contrast. 
In this situation the time taken for SE signal acquisition 
from a pixel in the substrate is reduced, allowing less 
time for charge dissipation in the substrate during the 
SE signal collection, and hence greater pixel-time aver- 
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FIG. 2: (a) In-lens images for graphene film with 2-6 layers 
acquired with a scan rate of 7.2 /im/s for acceleration volt- 
ages from 0.5 - 10 kV. The last panel shows an optical micro- 
graph identifying different layers, (b) The contrast parameter 
(Eq.l) for various layers is plotted as a function of incident 
beam energy. The contrast between the different graphene 
layers and Si02 substrate is maximum at 3kV. (c),(d) The 
absolute intensity (Ig) of SE emission from different graphene 
layers as a function of number of graphene layers for primary 
electron energy < 3kV (c) and > 3kV (d). The solid curves 
denote the fit using Eq.2 with a — 1 and the dashed curves 
represent I 3U b multiplied by a fraction which takes into ac- 
count the negative charging of graphene. 



aged local potential difference giving greater EBIC and 
SE signal. 

The positive charging of the substrate reduces in the 
intermediate kV regime (1.5 - 3 kV), due to which the 
EBIC from graphene to Si02 also reduces. Around 3kV, 
the EBIC is a minimum due to minimal surface charging 
and the emitted SE are simply attenutated by graphene 
layers giving rise to a contrast reversal at 3kV. At very 
high kV (> 5kV), a large number of SE are produced in 
the bulk of SiC>2 and Si. But since the SE are produced 
from depths which are large compared to their escape 
depth, the number of SE emitted are less leading to neg- 
ative charging of the substrate. The graphene layers also 
get charged negatively due to negligible flow of EBIC to 
Si02- The thinner regions of graphene which are less 
metallic, cannot dissipate charge easily and hence a sur- 
face negative potential gradient develops in the graphene 
region leading to greater suppression of SE emission from 
these regions. These combined effects lead to a reduction 
in contrast at very high kV. 

B. Thickness determination of graphene layers 

For quantitative analysis, we define the contrast pa- 
rameter (n) as, 



n = 



Lsub 



1^. 
Ig 



(1) 



where Iq and I su i, are the local intensities at the 
graphene region and surrounding substrate (far away 
from graphene), respectively, which are proportional to 
the corresponding number of secondary electrons col- 
lected by the in-lens detector. As shown in Fig. 2b, n 
varies similarly for all layer numbers and can be as large 
0.7 at E p w 3 kV. In the discrete shifts in contrast (i.e. 
Ig) with increasing layer number (Fig. 2a), the thicker 
regions of graphene always appear darker than the thin- 
ner regions, which implies Ig decreases with increasing 
layer number for fixed values of E p , as shown in Fig. 2c 
(E p < 3 kV) and Fig. 2d (E p > 3 kV). We attribute 
this to attenuation of the SE within multilayer graphene 
which can be quantitatively expressed as^ 1 , 



Ig(N) = al sub exp 



(N - l)d a + d vdw 
X 



+ h (2) 



where N, dg (= 0.335 nm), and d vc i w (~ 0.35 nm) are the 
number of layers, inter-layer separation in graphene, and 
the van der Waal distance of the graphene from SiC>2 
substrate, respectively. The factor a accounts for the 
negative charging of graphene during electron beam scan- 
ning. All solid lines in Figs. 2c and 2d were obtained with 
a = 1, A = 0.445 nm from AES data, and background 
intensity Iq from the uncovered parts of Si02- Iq is the 
only fitting parameter in Eq. [2] The overall agreement of 
Eq.[2]to the observed data confirms SE attenuation by the 
graphene layers, and forms a new method to obtain the 
thickness of graphene with SEM. We note two extreme 
cases: (1) For E p > 5 kV, a as 0.9 gives a marginally 
better fit (dashed lines in Fig. 2d), which is due to slight 
negative charging of graphene which leads to the suppres- 
sion of SE emission from the underneath substrate. (2) 
Secondly, at very low E p < 1 kV (Fig. 2c), the Si0 2 sur- 
face beneath the thinner regions of graphene, which are 
less metallic, get significantly positively charged. This 
reduces Ig from these regions below the expectation of 
Eq-i 

C. Contrast reversal in single layer graphene 

The in-lens SEM imaging of single layer graphene 
(SLG) was found to display very different behavior with 
respect to acceleration voltage. Here we have exam- 
ined three different classes of SLG devices: (1) Exfoli- 
ated SLG on Si02 substrate, (2) large-area CVD grown 
graphene on Si02 substrate, and (3) CVD graphene on 
high-/c TiO x substrate. We first focus on the in-lens im- 
ages of exfoliated and CVD-grown SLG on Si02 substrate 
shown in Fig. 3a and 3b, respectively. In the exfoliated 
case (Fig. 3a) we find that the graphene region appears 
brighter than the surrounding Si02 at all E p . This leads 
to a negative contrast parameter n (see Eq. nl), as op- 
posed to the case of multilayer graphene where n is pos- 
itive (Fig. 2b). II is most negative at small E p , becomes 
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FIG. 3: (a) In-lens images of exfoliated single layer graphene 
on Si02/Si substrate for different primary electron ener- 
gies, (b) In-lens images of CVD grown single layer graphene 
on Si02/Si substrate for different primary electron energies 
showing a sharp contrast reversal below lkV. Due a small 
drift at different acceleration voltages, the regions are slightly 
shifted downwards at higher acceleration voltages, (c) In- 
lens images of CVD grown single layer graphene on TiCv/Si 
substrate for different primary energies which do not show a 
contrast reversal. All the SEM images in (a) - (c) were ac- 
quired in a scan time of 10.4 s. (d - f ) Contrast as a function 
of primary energy for exfoliated SLG on Si02, CVD grown 
SLG on Si02 and CVD grown SLG on TiO^ respectively. 



nearly zero at E p ~ 2 kV, but eventually settles to a small 
negative magnitude (~ —0.07) at large E p (Fig. 3d). If 
we ignore the interaction of SLG with SE, the brightness 
of graphene images at low E p can be explained in a man- 
ner similar to the case of carbon nanotube d 23 * 24 l In this 
regime (E p < 2 kV) differential surface charging due to 
the flow of EBIC from graphene to Si02 which results 
in an enhanced SE emission from the graphene-covered 
region of the substrate making it appear brighter. The 
consistency of this scenario could be readily verified by re- 
placing Si02 with atomic layer deposited 350 nm of TiO^ 
which is a high-fc dielectric with dielectric constant nearly 
200. The surface charge is now heavily screened which 
reduces the EBIC, and hence, CVD-grown graphene on 
TiO x substrate always appears darker at all values of 
E p (Fig. 3c) with a maximum contrast at E p ss 1.2 kV. 
At higher E p (> 2 — 3 kV), SLG becomes negatively 
charged when scanned by the electron beam. The con- 
trast, whether positive or negative, is determined by the 
rate at which charge is dissipated from graphene to the 
substrate, in comparison to the rate at which graphene 
gets charged by the primary electron beam. A poten- 
tial equilibrium is achieved more rapidly in the case of 
exfoliated SLG than the large area CVD graphene since 



the scan time was kept constant during image acquisi- 
tion. This explains why II is negative for exfoliated SLG 
at large E p , and for CVD graphene on Si02 and TiO x 
substrates it saturates at a small positive value (Fig. 3e) . 
Nonetheless, the reversal of contrast in in-lens SEM as a 
function of acceleration voltage can serve to separate the 
SLG from the multilayer graphene devices. 

D. Applications 

The high-contrast imaging of graphene layers at low kV 
can be an effective nondestructive and quick imaging tool 
for the structural characterization of voids, ruptures and 
folds on graphene at nanometer scale. This is particu- 
larly important in large area graphene, for example those 
grown by CVD and subsequently transferred onto a dif- 
ferent (insulating) substrate. In Fig. 4a we demonstrate 
this with an SEM image of CVD-grown (on Cu) graphene 
transferred on to Si02 substrate (E p — 3 kV). The wrin- 
kles on CVD graphene observed as branched quasi-linear 
striations in Fig. 4a possibly represent the texture of the 
metal on which graphene was grown. The voids and rup- 
tures which occurred during the transfer process are also 
easily visible. Additionally, randomly scattered darker 
patches seem to represent regions of multilayer growth. 
The multilayered regions are indicated in the intensity 
profile (inset of Fig. 4d) along the line shown in Fig. 4a. 
Eq. [2] provides a good fit to the intensity as a function of 
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FIG. 4: (a) SEM In-lens image of ruptures, folds and re- 
gions of multilayer growth in large area graphene grown by 
chemical vapour deposition on copper and subsequently trans- 
ferred onto Si02 substrate, (b) High resolution in-lens image 
of coalesced sub-^m sized graphene grains on Si02 showing 
excellent contrast, (c) A region of CVD graphene on Si02 
imaged at a primary energy of 3kV using the in-lens detector 
and the outer detector, (d) The SE intensity of the various 
multilayer regions in the CVD graphene shown in (a) is fitted 
by eq.2. The inset shows the SE intensity along a line scan 
shown in the (a). 



layer number (Fig. 4d), albeit with a s=s 0.5 due to signif- 
icant negative charging of the large area CVD graphenc. 
Fig. 4b shows a high resolution in-lens image of nanome- 
ter sized graphene flakes grown by CVD acquired at a 
very fast scan rate of 450/im/s, showing excellent con- 
trast even at very large magnification. Finally, in Fig. 4c, 
a comparison of 3 kV in-lens and SE2 images are shown 
for a particular region of CVD graphene. It is clear that 
the SE2 imaging cannot capture the richness of structure 
on graphene provided by the in-lens, which is in agree- 
ment with the exfoliated case shown in Fig. lb. 



IV. CONCLUSIONS 

In summary, we find that SEM imaging using an in- 
column secondary electron detector provides a very effi- 



cient method of determination of thickness of graphene 
films on different insulating substrates. The contrast 
arises due to attenuation of secondary electrons from the 
underlying substrate by multilayer graphene, character- 
ized by an inelastic mean free path. Differential charging 
of the substrate due to EBIC affects the contrast at low 
primary electron energies, and causes a "contrast rever- 
sal" phenomenon in single layer graphene on Si02- We 
have also demonstrated that this technique can be ex- 
ploited for structural characterization of graphene down 
to nanometer length scales. 
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